Tubular array structures are very attractive for electrochemical energy storage and conversion systems due to their unique physicochemical properties. Herein, a NiO microtube array is fabricated via a facile oxalic acid corrosion method followed by heat treatment. A NiO@MnO 2 core-shell composite microtube array is further achieved by the anodic electrodeposition using the NiO microtube array as substrate. When applied as self-supported electrode for lithium ion batteries (LIBs), the NiO@MnO 2 core-shell composite microtube array electrode shows excellent lithium storage properties. The electrode delivers a reversible capacity of 510 mA h g À1 at a high rate of 5.1 A g À1 , showing its good rate capability. In particular, a reversible capacity of 1573 mA h g À1 is observed after 500 cycles at a current density of 0.53 A g À1 , demonstrating the superior cycling performance of the electrode. The electrodeposited MnO 2 layer as a protective shell prevents the NiO microtubes from deformation during electrochemical cycling, responsible for the superior cycle stability of the NiO@MnO 2 core-shell composite microtube array electrode. The prominent lithium storage performance of the composite microtube array electrode can be attributed to its unique structure characteristics.
Introduction
One-dimensional (1D) micro/nanoscale tubular structures with high surface area and large porosity have attracted tremendous attention due to their unique physicochemical properties and extensive applications in energy storage, sensors, catalysts, optics, magnetics and electric transportation. 1 Through various techniques such as anodization, 2,3 template synthesis, 4,5 and approaches based on sheets-rolling mechanism, 6 Kirkendall effect, 7, 8 ripening effect, 9,10 electrochemical dealloying 11 and other methods, 12, 13 substantial inorganic tubular materials have been prepared. However, the complex procedures and/or special experimental conditions make most of preparation processes tedious and costly. It is still highly desirable to develop facile, tunable and template-free approaches for synthesis of 1D micro/nanoscale tubular materials.
Lithium ion batteries (LIBs) have aroused extensive interest for a variety of applications, including portable electronics, hybrid electric vehicle, and renewable energy systems for intermittent energy sources (e.g., solar and wind). [14] [15] [16] [17] Intensive investigations on the anode materials with large capacities have been conducted in order to meet the ever-increasing demand for high-performance LIBs. NiO and MnO 2 have been considered as promising anode materials for lithium ion batteries (LIBs) because of their high theoretical specic capacity (719 mA h g
À1
for NiO, 1232 mA h g À1 for MnO 2 ), abundant nature and environmentally benign. 18, 19 However, the low electric conductivity and large volume change during Li ion insertion/extraction generally result in the relatively poor lithium storage performance of NiO and MnO 2 , limiting their practical applications as the anode materials for LIBs. Various micro/nanostructured NiO and MnO 2 materials have been fabricated to overcome the above drawbacks. [20] [21] [22] [23] It is demonstrated that tubular metal oxides materials have exhibited enhanced lithium storage performance due to their advantageous features for the Li + ion insertion and the volume buffering during charge/discharge process.
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Furthermore, the hybrid core/shell structures have shown better electrochemical properties than the single component due to their larger surface areas and integral congurations.
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Therefore, developing a facile route for fabricating tubular NiO@MnO 2 core-shell materials is of signicant importance for their application in LIBs. Herein, for the rst time, we report the fabrication of NiO@MnO 2 core-shell microtube arrays using a novel and facile strategy based on self-corrosion and electrodeposition. A possible tubular structure formation mechanism is proposed. The asfabricated NiO@MnO 2 composite microtube array electrode exhibits large lithium storage capacity, superior electrochemical cycling stability and good rate performance. The reasons that the NiO@MnO 2 composite microtube array electrode shows the prominent lithium storage properties are discussed in detail. 
Material characterizations
The morphologies and microstructures of various lm samples were observed by scanning electron microscopy (SEM) using a ZEISS, ULTRA™ 55 with an accelerating voltage of 5 kV, transmission electron microscopy (TEM) and selected area electron diffraction (SAED) using a Philips-FEI Tecnai G2 F30 with an accelerating voltage of 200 kV, equipped with an energydispersive X-ray spectroscopy (EDS). The X-ray diffraction (XRD) patterns of lm samples were recorded using a Rigaku D/Max 2550 X-ray diffractometer with Cu Ka radiation at 40 kV and 300 mA. Raman spectra were recorded using a Jobin Yvon Labor Raman series HR-800 with an excitation wavelength of 514 nm. The X-ray photoelectron spectroscopy (XPS) analysis was performed by a PHI 5000C X-ray physical electronics photoelectron spectrometer with Mg Ka radiation at 15 kV and 500 W. The binding energies were calibrated with respect to the adventitious C 1s peak at 284.6 eV. The nickel(II) amount in the hydrothermal reaction solution was analyzed by inductively coupled plasma atomic emission spectroscopy (ICP, SPECTRO) on a Thermo Electron Corporation IRIS Intrepid II XSP instrument. The masses of different lm samples were determined by a microbalance (Sartorius BT25S). The formation reaction of NiC 2 O 4 $2H 2 O was as follows:
According to reaction (1), the mass of NiC 2 O 4 $2H 2 O on the substrate could be calculated from the Ni(II) amount in the hydrothermal reaction solution and the masses of the substrate with the surface lms before and aer the reaction. The mass of NiO in the annealed lm was determined according to the mass of NiC 2 O 4 $2H 2 O and the mass loss induced by the annealing treatment in Ar atmosphere. The mass loading of NiO was $0.2 mg cm À2 . The mass of MnO 2 was determined by the mass difference of the lms before and aer electrodeposition. The loading mass of MnO 2 was $0.04 mg cm À2 .
Electrochemical measurements
The electrochemical measurements were carried out at room temperature (25 C) using coin cells (CR2025) with lithium metal as the counter and reference electrodes. The as-prepared lms were directly used as the working electrode. 1 M LiPF 6 in a 1 : 1 w/w mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) was used as the electrolyte, and a polypropylene membrane (Celgard 2325) was used as the separator. Cell assembly was conducted in an Ar-lled glove box. Galvanostatic charge-discharge cycles of the cells were measured between 3.0 and 0.01 V at various rates with a LAND CT2001A battery testing system. Cyclic voltammetry (CV) measurements were carried out using a CHI660A electrochemical workstation at a scanning rate of 0.1 mV s À1 between 0 and 3 V. Electrochemical impedance spectroscopy (EIS) measurements were carried out by an electrochemical analyzer (Parstat 2273), with the frequency range of 100 kHz to 0.01 Hz and a.c. signal amplitude of 10 mV. In all the above experiments, the solutions were prepared from analytical reagents and deionized water.
Results and discussion
The fabrication of NiO@MnO 2 core-shell microtube arrays is schematically illustrated in Fig. 1 O is incomplete, which can result in the good combination of the corrosion product lm with the substrate. The Raman spectrum in Fig. 2b conrms the formation of oxalate. The Raman peak at $1476 cm À1 is the characteristic peak of oxalate, which can be ascribed to the symmetric stretching mode of OCO. 27 The Raman peak at $3334 cm À1 originates from the stretching mode of OH, indicating the existence of crystal water. It can be seen from the SEM images in Fig. 2c Fig. 3 . The self corrosion reaction (reaction (1)) of nickel in the oxalic acid solution is composed of the following conjugated anodic (reaction (2)) and cathodic reactions (reaction (3)):
NiC 2 O 4 $2H 2 O crystal nuclei and H 2 bubbles occur at the anodic and cathodic regions of the electrode surface, respectively. The oriented attachment of primary NiC 2 O 4 $2H 2 O crystals on the nucleation sites due to dipole-dipole interactions 28, 29 results in the formation of free-standing square micropillars on the substrate (Fig. 3a) . As the micropillars grow, the hollowing process induced by the following dissolution/ recrystallization reaction of NiC 2 O 4 $2H 2 O occurs:
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The SEM images in Fig. 3bÀd exhibit that the hollowing process proceeds down to the interior from the upper surface of the micropillars. This nally leads to the formation of the NiC 2 O 4 $2H 2 O microtubes as schematically illustrated in Fig. 3e .
The as-fabricated NiC 2 O 4 $2H 2 O microtube arrays are annealed at 350 C in Ar atmosphere to obtain NiO microtube arrays. It is noted in Fig. 4a View Article Online spectra in Fig. 4b 
can be assigned to the rst-order transverse optical mode (TO) and one-phonon longitudinal optical mode (LO) of NiO, respectively. 31 The Raman peak centered at $1060 cm À1 originates from 2LO mode of NiO. 31 As illustrated by the SEM images in Fig. 4c and d , the NiO lm shows a similar microtube array morphology with the original NiC 2 O 4 $2H 2 O lm. A NiO@MnO 2 composite lm is further prepared by the anodic electrodeposition using the NiO microtube array as substrate. The Raman spectrum of the composite lm (Fig. 4b) (Fig. 5a) can be attributed to the characteristic Mn 2p 1/2 and Mn 2p 3/2 peaks, respectively. The energy separation of 11.8 eV between the two peaks is in good coincidence with the corresponding value of MnO 2 . 33 In the XPS Mn 3s spectrum (Fig. 5b) , the two peaks at 84.4 and 89.2 eV with the separation of 4.8 eV further conrm the existence of MnO 2 . 34 The absence of the MnO 2 peaks in the XRD pattern of the composite lm (Fig. 3a ) indicates its amorphous nature. Compared to the NiO microtubes ( Fig. 4c and d) , the microtubes in the composite lm show reduced diameters and thickened walls (Fig. 4e and f) , demonstrating the deposition of MnO 2 on the walls of NiO microtubes. This shows the formation of a core-shell structure, with each NiO microtube surrounded by the MnO 2 layer. As the electrodeposition time for MnO 2 increases, the inner diameter of the composite tubes decreases, and the thickness of the MnO 2 layer increases, as illustrated in Fig. 4f and Fig. S1 (the ESI †). It is noted in Fig. S1b † that the composite lm obtained by the electrodeposition time of 90 s exhibits the smallest inner diameter and notably thickened MnO 2 shell, which could be disadvantageous to the improvement of its electrochemical performance.
The microstructures of the NiO and NiO@MnO 2 tubes are further probed by TEM, STEM and EDS, and the results are illustrated in Fig. 6 . Fig. 6a shows a typical NiO tube with an inner diameter of $1 mm and a length of $2.5 mm. The HRTEM image in Fig. 6b The as-prepared microtube array lms are directly applied as the electrodes for the tests of lithium storage properties. Fig. 7a shows the CV curves of the NiO@MnO 2 microtube array electrode. Two peaks are observed in the rst cathodic process. The reduction peak located at 1.05 V can be ascribed to the conversion of MnO 2 to Mn(II), and the strong reduction peak at $0.4 V mainly corresponds to the conversions of Mn(II) to Mn and NiO to Ni along with the formation of SEI lm. 20, 22 In the anodic process, the peak located at 1.30 V corresponds to the oxidation of Mn to Mn(II), and the peaks at $2.25 V are assigned to the oxidation of Mn(II) to Mn(IV) and Ni to Ni(II). 20, 22 Note that the CV curves almost overlap in subsequent cycles, demonstrating the stability of the electrode. cycle, demonstrating the superior cycling performance. The theoretical capacity of the NiO@MnO 2 microtube array electrode is calculated to be 805 mA h g À1 in terms of the mass ratio of NiO and MnO 2 . The extra capacity of the cycled composite electrode can be ascribed to the reversible formation of polymer/gel lm resulting from electrolyte decomposition, which is common for transition metal oxide anodes for LIBs.
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This may be conrmed by the fact that the main contribution to the capacity increase occurs at low voltage (below 0.8 V) as illustrated in the charge-discharge proles at the selected cycles of the NiO@MnO 2 composite electrode (Fig. S2 †) . frequency capacitive loop and a straight line in low-frequency region are observed in the two Nyquist plots. The capacitive loop may be attributed to the faradaic charge transfer resistance (R ct ) in parallel with the interface capacitance. 37, 38 The diameter of the capacitive loop represents the R ct value. 37 It can be seen from the inset in Fig. S4 † that the R ct value of the NiO@MnO 2 microtube array electrode is obviously lower than that of the NiO microtube array electrode. This implies that the NiO@MnO 2 microtube array electrode manifests faster faradic reaction kinetics, which is consistent with the lithium storage performance in Fig. 7 .
Compared with other binary nanostructured transition metal oxides recently reported for LIBs (Table S1 , the ESI †), the as-constructed NiO@MnO 2 core-shell microtube array electrode shows larger reversible capacities at higher current rates and enhanced electrochemical cycling stability, which may be ascribed to its unique structural characteristics. The microtube array structure facilitates the transportation of Li + -containing liquid electrolyte inside the composite lm, thus improving the ionic conductivity of the electrode and providing more active sites for the electrochemical reactions. The good combination between each microtube and the substrate increases the electronic conductivities of the electrode. These factors are mainly responsible for the large lithium storage capacity and good rate capability of the composite microtube array electrode. As illustrated in Fig. 8 , the structural integrity and basic morphology of the NiO@MnO 2 core-shell microtube array electrode are well preserved aer 500 cycles at a current of 0.53 A g À1 , while the tube structure of NiO microtube array electrode almost collapses aer 250 cycles at 0.35 A g À1 . This shows that the MnO 2 shell effectively enhances the structural stability of the NiO core, resulting in the remarkably improved cycling performance of the NiO@MnO 2 core-shell microtube array electrode. In addition, the microtube array architecture can buffer against the large volume change associated with the lithium storage reactions, partially manifesting the superior cycling stability of the composite microtube array electrode.
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Conclusions
The NiO@MnO 2 core-shell microtube array lms have been successfully prepared by a facile self-corrosion strategy and subsequent electrodeposition. A formation mechanism of NiC 2 O 4 $2H 2 O microtubes is proposed. The NiO microtube array lm is achieved by the thermal treatment of the NiC 2 O 4 $2H 2 O microtube array lm. The electrodeposition of MnO 2 on the walls of NiO microtubes leads to the formation of a core-shell structure, with each NiO microtube surrounded by the MnO 2 layer. The as-prepared NiO@MnO 2 core-shell microtube array electrode delivers the excellent lithium storage performance such as large reversible capacity, superior cycling stability and good rate capability, resulting from the unique structure characteristics. The as-constructed strategy based self corrosion and electrodeposition can be applied as a facile and general route to prepare other composite shell/core micro/nanotube array lm materials with excellent electrochemical performance.
